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Abstract

Classification, decomposition and modeling of polarimetric SAR data has received a great deal of
attention in the recent literature. The objective behind these efforts is to better understand the scattering
mechanisms which give rise to the polarimetric signatures seen in SAR image data.

An approach has been developed, which involves the fit of a combination of three simple scattering
mechanisin s (o polari metric SAR observations. The mechanisms are canopy scatter from a cloud of
randomly oricnted dipoles, even- or double-bounce scatter from a pair of orthogonal surfaces with
different diclectric constants and Bragg scatter from amoderately rough surf ace.. This composite scattering
mode] is used to describe the polarimetric backscatter from naturally occurring scatterers. The model is
shown to describe the behavior of polarimetric backscatter from tropical rain forests quite well, by
appl ying it to data from NASA/IPL.'s AIRSAR system. The model fit allows clear discrimination between
flooded andnon-flooded forest, and between forested and deforested areas, for example. The mode] is
also shown to be usable. as apredictive tool to estimate the ¢ ffects of forest inundation and disturbance on
the fully polarimetric radar signature.

An advantage of this model fitapproachisthatthe scattering contributions from the three basic
scattering mechanisms can be estimated for cach polarimetric SAR image pixel. Hurther, itis shown that
the contributions of the three scattering mechanisms to the 1111, HV,and VV backscatter can be calculated
from the mode] fit. Yinally, this model fit approach is justified as a simplification of more complicated
scattering models, which require many inputs to solve the forward scattering problem.

1. INTRODUCTION

A major problemin analyzing polarimeti ic SAR data such as that produce.d by the NASA/IPL.
All<SAI< and SIR-C systems isin understanding the scattering mechanisms which give rise to features in



the different polarization parameters. Rescarchers, on examining some polarimetric SAR data from their
scene Of interest for the first time, often notice unusual bright or dark {features when displaying one of the
many possible polarization representations of the data (e.g. total power, 1111, VV or 1V cmss-section,
synthesized cross-sections for arbitrary transmit and received polarizations, HH-VV phase difference,
HH-VV correlation coefficient, €tc. ) Itis usualy pertinentto ask what scattering mechanisms give rise to
the observed features?

Much excellent work (for example [1] - [5]) has been done on modeling polarimetric radar
backscatter for both naturally occurring terrain and man-made objects. These models are usually complex,
and require a large number of input parameters to successfully predict the observed backscatter. For
example, in modeling the backscatier return from a forest, measurements of tree heights and diameters,
tree density, lcaf size and angular distribution, branch size and angular distribution, trunk dielectric
constants, ground roughness and dielectric constantare commonly required as inputs. All these models
solve the "forward problem’, in predicting backscatter from a number of ground-based measurements of
the imaged objects. It is difficult, if not impossible, to invert these models to provide a unique solation,
simply because the number of input parameters (the 'ground truth') is often much larger than the number

of output parameters (the radar measurements) in the forward problem.

Asunderstanding of polarimetric scattering mechanisms has advanced, some exccellent publications
have appeared in the literature Which can be used to gain a better understand ing of polarimetric SAR
measurcments. An early example can be found in Huynen's gmurlcl-breaking thesis [6]. Another good
example is van Zyl's paper on classifying the dominant scattering mechanism for cach pixel [7].
Decomposition Of the target Scattering matrix into 3 orthogonal components has been proposed by Cloude
[8], Holm and Barnes (9], van 7yl [10] and Krogager [11]. Cloude and Pottier [12] have produced an
excellent review of these decomposition theorems. A common limitation of these decompositions is that
they arc mathematically based, and may yicld combinations of 3 scattering matrices which can not be
related to physical scattering models. This isdue primarily to the requirement for orthogonality between
the scattering components, and partly to the adoption of scattering matrices of 'hard' targets, such as
metallic dihedrals and trihedrals, in some cases

In this paper, atechnique for fitting a physically-based, three-component scattering mechanism
model to the polarimetric SAR data itself, without utilizing any ground truth measurements, is presented in
section 11. The three scattering mechanism componcnts included in the model arc canopy scatter from
randomly oricnted dipoles, first-order Bragg surface scatter and a dmblc-bounce scattering mechanism.
‘The model it yields an estimate of the contribution to the total backscatter of each of the three components.
The backscatter contributions can aso be compared to give the relative percentage weight of each, or used



estimate the contribution of each mechanism tothe 1 11 1, 1V and VV backscatter terms. The model fit has
an equal number of input parameters (the polarimetric radar backscatter measurements) and output
parameters (the backscatter contributions from each of the three components and two parameters
describing them). The model can be applied to entire images or to small areas within animage to give an
estimate of the relevant scattering mechanisms. The model has been applied to many C-, 1.- and P-band
Al RSAR image.ss of different types of terrain and to many C-andI.-Band SIR-C images. Results are
presented for the model when applied to tropical rain forest dataobtained from Al RSAR.




11. THE MODEL

The model fitincludes three ver y simple scattering mechanisins, as illustrated in Figuie 1. First,
for canopy (or volume) scattering, it is assumed that the vadar return is fromacloud of randomty oriented d,
very thin cylinder-]ikc scatterers. By making several simplifying assumptions the second-order statistics of
the resulting scattering matrix can be derived. 1 rst, let canopy scattering be represented by scattering from
scatterers with the following scattering matrix when in standard orientation:
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We then assume that the scatterers arc 1andoinly oriented about the radar look direction with an angle ¢
from the vertical polarization direction. For a particular scatterer, tile scattering matrix can be found by
rotating into a coordinate system with vertical along the scatterer's standard orientation. We then calculate
the scattered field and rotate back to the radar coordinate system. The following eguation gives the
scattering matrix in the radar coordinate system interms of the scattering matrix in the scatterer's
coordinate system:
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Onmultiplying the matrices in this equation, wc find the following scaticring matrix:
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Note that the radar transmit and receive coordinate systems arc identical, resulting in a symmetric scattering
matrix, With 8y, = S, },. The probability density function for scatterer orientation is p(¢), and the expected

valuc of any function 1(¢) is:
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Figure 1. A sketch of the three scattering mechanisms: canopy scatter (top); surface scat ter (middle); and
double-bomcc scatter (bottom)




The following are expressions for the second order scattering matrix statistics (alternatively the covariance
matrix statistics):
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We further simplify by assuming thin cylindrical scatterers so that Sy equals 1 and Sy equals zero.
Furthermore, we assume a uniform orientation distribution p(¢), which gives aj= ay=3n/4, ay = n/4 and
a4 = as=0.Inthis case, taking out afactor of r, we have, for the canopy (or volume) scatter:
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< Shhstfv > = <

S\'VI?Y >: I

Shy[* )= 1/3




and ( ShnShy ) %;hvS 4D =0 (6)

The double-bounce scattering component iSmodeled by scattering from a dihedral corner reflector,
where the reflector surfaces can be made of different diclectric materials, corresponding to a ground-trunk
interaction for forests, for example . The vertical surface (e.g. the trunk) has reflection cocfficients Ryj, and
Ryy for horizontal and vertical polarizations |, respectively. The horizontal surface (the ground) has Fresnel
reflection coefficients Rgj and Rgy . 'The mode] can be made more general by incorporating propagation
factors ¢l 2Yv and ¢ 2Yh, where the 7 are complex, which represent any attenuatio n and phase change of
the vertically and horizontally polar ize.d waves as they propagate f1om the radar to the ground and back
again. in this way the modcl caninclude the ¢ ffects of propagation through a canopy layer or atrunk layer.
The scattering matrix for double-bounce scattering is then:

eI 20 Ry, Ry, 0
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'The sceco[)d-order statistics for double-bounce scattering, after normalization with respect to the VV term,

are:
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Two key features of this model for double-bounce (or even-bcmncc) scatter arc that the amplitudes of the
1111 and VV terms do not have to be equal, and the phase difference between the 1111 and VV terms (i.e.
arg(Sp,Syy ™) or arg(a)) dots not have to be 4 .1t will be shown later that this is necessary to match the

observed behavior of scattering from many natural targets.

‘or the surface scatter, a first-order Bragg model is used, with sccond order statistics (after

norinalizat ion):

qshh|2> =|Bf . QSVV|’2>; I, <Shhsilv> - B, <]Shv|7> o



and (ShhShv) = (Shvsvv) =0 9)

wheire fisreal. 1éor al of these backscatter components, it is assumed that the backscatter isreciprocal. It
has also been shown that the like- and cross-polarized returns arc uncorrelated. 1 urther, assuming that the
volume, double-bounce and surface scatter components are uncorrelated, the total second order stati stics

are the sum of the above statistics for the individual mechanisms. Thus the model for the total backscatter

Is:
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Where.(,,, f¢ and fy arc the surface, double-bounce and volume (or canopy) scatter contributions to the
VV cross section. If fg, fd and fy can be estimated, it follows from ( 10) that the contributions of surface,
double-bounce and volume scatter to the HI L, 11V and VV backscatter can be readily separated.
'This modecl gives us four equations in five unknowns (ignoring the cross-products between like-
and c1oss-pol). In general, a solution can be found if onc of the unknow ns is fixed, Since neither the

surface. 01 double-bounce mechanisms contribute to the 11V term in the model, we can usc this to estimate
the volume scatter contribution directly. The volunic contribution, fy or fy /3, can then be subtracted off

the 1S,,1’, ISWI2 and SySyy” terms, leavi ng three equations in four unknowns:
2 2 2
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.2
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Aftervan Zyl [7], we then decide whether double-Imncc or surface scatter is the dominant contribution in

. . . 3 3 N N 3 . .. .
the residual basal on the sign of the real part of ShhSyy . If Rc(ShhSW’*) is positive, we decide (hat
surface scatter is dominant, and fix o= -1. If Re(Sph Svy' ) is negative, we decide that double-bounce
scatter is dominant in the remainder and fix = 1. Then fg, fg and B or oo can be estimated from the
residual 1 adar measurements. This approach will obviously work bestwhen cither fg or fg arc close to
zcro, or whenovor B are close to -1 or + 1.

Finally, we estimate the contribution of car h scattering mechanism to the span, 1,

PePo+ Pia R (1Spn 242 Spy 2+ S
='s dv v (]_‘ hh “hv vy )

with vo=7{14]8[),

y 2
Pa=fy ( 4]af),
and  Py=8f,/3 (12)

Note that 1’ isjust 4 times the usual expression for total power.



111. RESULTS

In March 1990, thc NASA/JPL. AIRSAR was flown over an area around Gallon Jugin Belize
which had been chosen for intensive field study. This intensive study arca in northern Belize is dominated
by old growthupland tropical rain fore.dl. There arc aso small arcas which have been cleared of upland
forest within the last five years and allowed toregrow. Inaddition, there arc areas of almost purc pam
forest, consisting of cither cohune or botanpalmtrecs. There arc severalt ypes of wetland forests. High
marsh forest has vegetation resembling the upland rain forest, but standing water is present during a large
portionof the year. Bajo is another type. of wetland forest which grows in areas having very poorly
drained clay soils. The vegetation is short (less than 10 meters), denscly packed, and has sparse foliage.
Y et another wetland forest type is swamp forest, consisting of short trees or shrubs growing in standing
water. Besides forest, there arc reed anti sedge marshes. These arc areas of herbaccous vegetation in
standing water. The sedges arc considerably taller thanreeds (200 c¢in versus 40 cm). Inaddition to these
naturally occurring vegetation types there arc agricultural areas consisting of cleared areas, bare soil anti
various crops.

‘1’ilrcc.-frcquency, multi-polarization AIRSAR data of the arca were calibrated using comer
reflectors deployedin clearings near Gallon Jug. The Gallon Jug areais a large plantation surrounded by
rain forest. 1 ‘iigure 2 shows the result of applying the modeldescribed insection 11 to this data. in the
Figure, the contributions of each of the three scattering mechanisms to the total power arc shown for each
pixel, with surface Scatter colored blue, volume scatter green and double-bounce red. Results arc s]lown
for all three AIRSAR frequencics (C-, 1.- and P-Band). The relative strength of each color in the resulting
Red-Green-Blue (RGB) images can be related to the relative strengths of the scattering mechanisms. The
AIRSAR viewing direction is from tile top of each frame. A map of land cover for tile area shownin
Figure 2, based on in-situ measurements and 011 aerial overflights of the Gallon Jug area, is given in
Figure 3.

Tables1-3 show typical backscatter values for representative samples for the land cover types in
the Gallon Jug area, together with quantitative estimates for the contributions to the total backscatter for
each of the three scattering mechanisms (I’s, P, and I'v). Average values arc given in cach table for the
incidence angle 0j, the span I”, the HH backscatter (6%), the ratio of V'V to 1111 backscatter (0%/0%h),
the ratio of HV to HH backscatter (0°hv/0%1), the phase difference between the Hiland VV
measurements Phhvy™ (= arg(ShhSyy*)), and the correlation between the Hiland VV measurements
Phhvv*. Note thatnoresultsare presented here for the SpRShy* Or ShySyy * terms. Thisis because the

results were all close to zero, except in the case of the 1ceds and sedge areas. The reason for the non-zero




values obtained for the like. - 1o cross-pol cross-products for these two cases will be the subject of future

paper.

Results for land cover types marked with an asterisk were obtained from AIRSAR images of
scenes adjacent to the one depicted in Figure 2, inthe Gallon Jug area, and arc presented here because (hey
represent Some unusual features. The sample results are arranged in each table according to the strength of
the observed P-Band 1111 backscatter. Recent results linking this parameter to biomass (e.g. [ 13] and [ 14})
indicate that the sample results arc ranked in order of increasing biomass. Note that the expected noise
floor for each polarization is between -25 and -30 dB for the C-Band AIRSAR data, and between -35 and
-40 dB for the 1.- and P-Band AIRSAR data, The noise floor for the span 1' should be 6 dB3 above these
levels. Fstimated backscatter contributions within or below these ranges should be considered negligible.
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Table 1. Average P-Band backscatter values and estimated scattering mechanism contributions for

different land cover t ypes from Al RSAR 13elize data

P-BAND 0i P | ooy |VVAII] IV/HE | Phhww™ [Dhhwv* [ Ps | Pg | Py
‘deg) | (dB) [(dB) (dB) dB) [ (deg) [ @dB) | (dB) | (dB)
Open water 54 1]|-248]-326| 6.6 -7.4 5.8 0.33 [-26.6-35.3]-31.0
13arc soi 46.6 | -18.4 | -25.1 54 -9.5 -8.8 0.75 | -19.6|-33.6|-25.4
Reeds 56.2 | -16.7 | -22.0 3.3 -8.6 146.7 0.27 -32.0| -25.3 1 -27.6
1‘armland 349 1 -159 | -203 | 2() -11s | -125 | 053 |-17.8 | -23.9| -23.1
Regrowth 448 1-10.9| -15.3 0.9 -5.8 20.7 0.25 -19.4]-21.4 | -12.1
| 3ajo* 451 | -9.2 |-145| 28 -5.8 70.8 0.21 |-19.1 [ -150(-11.1
Swamp forest* 478 | -99 [ -13.8] 0.6 -8.4 14951 010 |[-17.9|-14.2] -132
upland Yorest 400 | -7.7 | -115| -04 -6.4 51.1 0.14 |-20.7|-152| -8.8
Palim Forest* 36.7 | -7.6 | -11.3| 0.1 -7.2 91.4 021 |-245|-116| -9.8
Sedge 42 | -6.7 | -10.3| -05 -7.0 93.6 0.18 |-18.2|-12,7| -8.3
Flooded 1 ‘orest 519 | -6.3 | -9.7 | -09 -7.0 75.6 0.16 |-19.3|-130]| -7.6
Coffece 431 -6.2 | -9.2 | -1.3 -88 | 137.3 | 0.40 |-90.0| -9.5 | -8.8
[Year-cu( 460 | -6.5 | -9.0 | -3.0 -85 31.0 | 032 |-11.7]|-180]| -85
High Marsh Forest* | 201 | -3.8 | -8.2 | 1.6 | -75 | -32.7 | 029 | -9.0 |-11.0| 6'7_

Table ‘2: Average 1.-Band backscatter values and estimated scattering mechanism contributions for

differentland cover types from AIRSAR Belize data

1-BAND 0i | P |%%h [vvmin| 1vmn| phhvv* [Phhvw* | Ps | pq | Py
deg) | @B) | @B) | @em_| @B) | (deg) | — _| @B) | @B) | dn)
()pcn water 54.11-20.1 | -28.7 7.7 -6.6 -3.1 0.63 -21.3|-40.1 | -26.5
Bare sail 46.6 | -12.2| -16.5 1.8 -10.4 -23.7 0.75 -14.1 | -23.7 | -17.9
Reeds 56.2 | -8.5]-129] 16 -75 1314 | 013 | -23.7|-18.8]|-17.4
armland 349 | -9.3 1-13.3 1.5 -11.7 | -18.6 0.75 |-109|-20.2| -15.7
Regrowth 448 | -6.0 [-10.1 | 0.1 -55 | -227 | 031 |-169|-189( -6.5
Bajo* 451 | -5.7 | -9.7| -01 -5.6 15.1 0.17 |-22.7|-153]| -6.3
Swamp forest* 478 | -3.4 | -6.9 -0.4 -7.6 1654 | 0.06 |-13.8| -87 | -5.4
Upland Forest 400 | -51 | -9.2 | -0.2 -5.1 7.9 025 |-900|-18.1| -5.3
Palm 1 ‘orest * 36.7 | -5.0 | -8.6 -0.6 -6.4 48.5 0.20 |[-159|-13.5]| -6.0
Sedge 42 | -46 | -8.8 0.2 -5.2 5.7 0.26 | -215]-16.8| -5.()
Ilooded Yorest 519 | -48 | -8.6 -0.6 -5.6 314 0.22 |[-90.0|-90.0| 5.1
Coffee 431 | -5.0 ]| -8.0 -1.7 7.7 52.1 012. |[-165|-11.0| -6.6
Clear-cut 460 | -48 | -7.6 -2.0 -8.0 6.9 0.40 |-10.1]-17.0| -6.6
LlighMarshForest* | 29.1 | -1.1 [ -40 | -2.1 -7.8 -2.5 0.32 73 | -12.7 | -2.7




“1’able. 3: Average C-Band backscatter values ascalleringumechani sm contributi ons for
different land cover t ypcs from Al RSAR 1 3clize data

C-BAND Ol P G VVAI| 1V/HH fphhvv* Yhhvv* Pg Pd Py
(deg.)[ (dB) | (dB) | _(dB) (m) | (deg.) (dB) | (dB) | (dB)
Open water 541 | -18.5]-23.7| 2.4 5.3 | -187 | 0.29 [-247]-315] -20,0
Bare soil 466 | -5.4 | -9.0 0.3 -8.9 -10.0 0.76 1.9 [ -54] -89
Reeds 56.2 | -2.2 | -5.2 -1.3 -8.7 1025 | 0.16 |-17.4|-12.7 | -10.9
Farmland 349 | -40 | -76 -0.7 -6.4 -1.2 0.47 |-109]|-240| -5.0
Regrowth 448 | -20 | -5.7 | -0.7 -6.5 3.2 044 | -92 |-19.0| -31
Bajo* 451 | -21 | -6.2 0.2 -5.6 2.1 0.42 |-106]-220| -2.7
swamp forest* 478 | 09 | -21 -1.2 -8.9 2.3 0.41 35| -83 | 1.9
upland Forest 4001 -20 | -5.6 -0,6 -6.6 -4.1 0.51 -84 |-220] -3.2
1 alm Forest* 36.7 | -1.3 | -5.0 -04 -7.0 -24 0.56 -6.7 | -21.3| -2.9
Sedge 442 | -23 | -6.1 0.0 -6.3 -0.9 0.52. -84 | -222 | -3.5
1 Jooded Forest 519 | -20 | 6.4 0.9 -5.5 2.3 0.42 -97 | -190] -2.9
Coffec 431 | -3.3 | -6.6 -1.4 -7.0 6.9 0.42 97 1-173| -46
(Heal-cll( 46.01 -29 | -6.0 -14 -8.3 8.3 0.55 -72 1-169]| -52
High Marsh Forest* | 29.1 00 | -3.2 -15 | -70 | 150 | 0.35 -72 | -130] -1.2

The results given in Figure 2 and Tables 1-3 show that the model fits the scattering behavior for
bare soil quite well at P-Band, with surface scatter being by far the strongest component. At 1.- and C-
band, surface scatter is still dominant for bare soil, but a significant amount of volume scatter is present.
‘This indicates that perhaps the small perturbation model used for surface scatter iSnot completely valid for
the surface/wavelength in these cases, since it dots not allow any depolarization due to surface scatter. Tor
open water, the small perturbation model fits quite well at all three frequencics, except for a ‘volume
scatter’” component which comes from an 1 1V measurement which is close to the level of the noi se floor for

cach channel.

Farmland has volume scatter dominant at C-Band, but surface scatter dominant at 1.- and P-hand.
This can be interpreted as indicating that the longer wavelengths are penetrating the relatively short
vegetation in the farmland area, and the backseat ter is mostly from the under] ying ground.

The model for volume or canopy scatter fits the observations for Upland Forestat 1.-hand very
w c]] indeed, with only a smallamountof cloublc-bounce resulting from the model fit, At C-Band the
model woks quite well for Upland Forest, except for the presence of a significant surface scatter terim, in
addition to the dominant volume scatter term. The double-bounce term is very small. In fact, this mix of a
dominant volume scatter term with a lesser surface scatter term is characteristic of all the forest classes at
C-Bandin the Belize data. At P-Band, the Upland Yorest has volume or canopy scatter dominant, with a
now significant level of cloublc-bounce, which is 6.4 dB Icssthan (or a factor of 0.23 which is just over



one-fifth of) the volume scatter term. This iS to be expected, given the increasced ability at longer

wavcelengths to penctrate vegetation canopics which has been noted in several studies, e.g.[ 1 5].

Forest areas which show significantly incrcased levels of double-bounce relative to volumne scatter
at P-Band (when compare.ci with the Upland Forest) are Bajo, Swamp Forest, Palm Forest, Flooded
Forestanti the Coffee Plantation. These areas can be characterized as having cither alower canopy height
than the Upland Forest, or a sparser canopy, or a wetter ground surface, or some combination of the three.
The same areas, with the exception of the flooded forest, exhibit an increased level of {ioLIb]c-bounce
relative to volume scatter at 1 .-Band, but to alesser degree. “ 1" hereisasignificant increase in the double-
bounce term for the Swamp forest and High Marsh 1 ‘orest at C-Band.

Regrowth is clearly separable from Upland Forest at P-Band since the level of canopy scatter is
significantly lower (-1 2.1 compared to -8.8 dB). This result stems from the difference in the level of 11V
backscatter for these two classes, which can be interpreted as adifference in the level of biomass, with the
Regrowth being lower. Atl.-Band, the level of canopy scatter is only slightly lower (by 1dB) for the
Regrowth, which can not be regarded as significant. 1 lowever, it may be possible to differentiate between
the Upland Forest and the Regrowth based on the presence of anincreased level of surface scatter for the
Regrowth. At C-Band, tile Regrowth and Upland 1 ‘orest results arc virtually identical.

Sedge is indistinguishable from Upland Forest at C-Band, but exhibits an increased level of
double-bounce (relative to canopy scatter) at 1.- and P-hand. Reeds have a relatively large fraction of
cioublc-bounce at each frequency, but only at C-Band isthe overal level of the backscatter very high (P =
-8.2 dB). Both Reeds and Sedge can be characterized as a collection of cylindrical objects over a water
surface. The major difference between the two is in vegetation height anti therefore biomass. Thus an
interpretation of the results isthat the Reeds have enough biomass to give a significant level of volume and
(ioublc-bounce scatter at C-band, but not at 1.- and >-Band. At all three frequencics, a large proportion of
the. backscatter for the Reeds comes from the double-bounce interaction between the cylinders and the
water surface. Yor the Sedge, the canopy layer is too thick for the C-Band to penetrate, SO there iS no

double-bounce term at that wavelength.

The Clear-cut area in the Gallon Jug scene is rather unusual, in that at the time of the data
collection, the area had been recently bull-dozed, and the fallen tice trunks and branches were lying on the
ground prior to burning. The scattering mechanism results indicate that there is an increased level of
surface scatter for this arca at all three frequencics, but especially at 1.- and P-Band. This can be interpreted
as an increasc in the level of the direct return from the tree-trunks, lying horizontally on the ground in this
area



In Tables 1-3 we have only presented results for the Upland Forest at one incidence angle (40
degrees). InFigure 4we show the backscatter measurements for Upland Forest over a range of incidence
angle.s between 21 and 58 degrees. The VV and 1V backscatter values are fairly uniform across the range
of incidence angles for 1.-and P-Band, while the 1111 results show a tendency toincrcase a smaller
incidence angles. At C-Band, all three polarizations show the same slightly downward trend with
increasing incidence angle. ‘The phase difference between HHand VV shows some variability at1.-andP-
Band, and is mostly zero at C-Band, except a smaller incidence angles. The correlation between the two
like-pol measurements is fairly constant across incidence angles at C-Band, but shows a slight but
significant increase at smaller incidence angles at 1.- and P-hand. in Figure 5 wc show the cstimated
backscatter measurements for each frequency, again versus incidence angle. These results show a marked
increasce in the surface scatter term at 1,- and P-Band at smaller incidence angles. This can be interpreted as
an increase in the dire.cl return from the ground. The results also show a decreasc in the double-bounce
term at P-Band outside the range of incidence angles between 30 and 50 degrees. The C-Band results arc
fairly consistent across the full range of incidence angles. Note that the C-Band double-bounce results arc
mainly close to the noise floor for that frequency. The slight rise in the double-bounce term at smaller
incidence angles may (or may not ) be significant, depending on the behavior of the noise floor in that part
of the data.
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1V. FURTHER ANAI .YSIS

The results presented in section 111 for P-Band AIRSAR data over [he. Gallon Jug areaindicate that
surface scattering is not an important contribution fo1Upland 1 ‘orest for incidence angles greater than 30
degrees. So the backscatter for Upland Forest at P-Band in this range is well-descri bed by atwo-
component version of our model, as depicted in Figure 6, with f¢ = 0in (10), i.e,

(sunf)=slaf + £,
(swl)=rfi+4
(SnnSw) =1 a4 £, /3
(snel) =173
and  (SpnShy )= (SivSy )= 0 (13)

Recall from (8) that o represents the relative amplitude and phase difference between the 111l and VV
backscatter for ctoublc-bounce and is given by the product of aterm which represents propagation through
the canopy and the ratio of the 1111 and V'V reflection terms for the ground-trunk interaction. The canopy
propagation term can be separated into two terms, onc representing propagation through the canopy layer,
the other alayer consisting only of trunks, as depicted in Figure 6. The reflection terms for the ground and
trunk can also be separated into two terms, so that o can be written:

o= [cj 20t YV)]carlc)py lcj 2 Yv)]lrunk (Rgh/Rgv) (Rth/Rtv) (14)

It is possible, after [ 16], to calculate the reflection coefficients for the ground and trunk, if the
dielectric constants of the two, the trunk radius and the incidence angle are known. Adopting values from
Table 4 for the trunk dielectric constant of 40- 20i [ 17], for the ground dielectric constant of 4- 0.5i
(representing dry soil, after | 18]), a trunk radiusof 0.1 m, and anincidence angle of 40 degrees, we
obtain:

Rep =18 Ry, andarg (R, /R, )~ 0 (15)




Note that the reflection cocfficient for the 1 |-component is larger than that for the V-component, as note.d
out by others. For the trunk term, WC obtain:

Ry =13 Ry | QN g iy ik, ) 1358 (15)

Our calculations show that, for a randomly oricnted canopy, the expected value of the | 1 and V
propagation terms arc such that,

<'Yh>canopy - (W) canopy

which leaves only the propagation throughthe'trunk layer’, as proposed by Ulaby et al [ 16], which
results in a change in the phase of ouduc to propagation of:

ol 200, - Yv)) 4Nh tan

arg{ wank== [ {730, 1) 1,11 {1(0, m))] (16)

where N is the number density Of the trunk layer, h the height of the trunk layer, k the wave number, and
the Thand TV terms represent the forward scattered field at each polarization for asingle cylinder.

Vo1 the Belize data, from |’ able 4, the Upland Forest is -25 m high, with atrunk layer -15 min

height, and the number density of the tranks is-0.1. At P-Band, for an incidence angle of 40 degrees, we
calculate:

arg{ I W)y~ 26.1
Thus arg(or) ~ 161.9

Returning to (13), we can predict some characteristics of the scattering behavior atP-Band for Upland
Forest at 40 degrees, as a function of the relative contribution of the cloublc-bounce and volume scatter,
i.e. asafunction of (Pg/Py). Thisisshown in 1 ‘igure 7. On the |left-hand side of cach figure, the volume
scatter term isdominant, and the scattering behavior matches that described by (6). On the right-hand side,
double-bounce scatter is dominant, and the scattering behavior miatches that described by (8). As the
relative level of the Ctollblc-bounce term increases, going from left to right, the phase difference increases.
Note (hat between Pd/Pyv=10.1 and 1 the phase difference can take any value in the range 10 to 160
degrecs. Initially the correlation coefficient decreases as Pd/Pvincreasces from 0.33 to around 0.8 atPd/Py



= 0.35. Thereafter the correlation coefficient increases towards value of 1 for double-bounce completely
dominant. The values Of 11V/1111 decreases steadily as the double- bounce term increases in significance,
whilethe 1111/VV term increases towards its value for double-bouticc completel y dominant. The general
trends shown in Figure 7 are consistent With our observations of polarimetric backscatter at1.- anti P-Band
for many different forest arcas, for which the phase difference isusually somewhere between 0 and 180
degrees (but often considerably less than 180 degrees), the correlation coefficient is typically low (less
than 0.5), the 1IV/111 1 ratioless than -5 dB3 and the HII/VV ratio equal to or slightly higher than O dB.

The model presented in this paper dots not attempt to predict the absolute level of any backscatter
measurement. No(c, however, that the values on the charts for the 111 1-VV phase difference, the HH-VV
correlation coefficient, and the ratios of 1 1H/VV backscatter and HV/HI I backscatter match very well with
the results for Upland forest given in “1’able 1, for aratio of ctoublc-bounce to volume scatter of between
0.2 and 0.3, which is consistent with the observed ratio of 0.23. Matching the behavior of al four of these
parameters at the saint time is difficult: very fcw successful attempts to do so are documented in the
literature.

Returning to equation (7), it is clear that if thell and V Fresnel reflection coefficients for the
forward scattering off the ground, i.e. Rgp and Ry, , increase, then the strength of the double-bounce
scattering term will increase. in general, this is precisely what happens when inundation occurs, when the
ground changes from soil or vegetation cover with a relatively low diclectric constant and forward
reflection coefficient to watt.r which has a relatively high diclectric constant, and therefore a high reflection
coefficient. (The dielectric constant for water at P-Band is 80- 2i compared with 4- 0.5i for dry soil). To
first order, then, inundation produces an increase in the relative strength of the double-bounce scattering
term compared to the volume or canopy scatter term.Irom “1'able 1, we sec that the flooded forest has 0.29
for the ratio of double-bounce to volume scatter at P-Band, compared with 0.23 for the upland forest. Wc
can scc from Figure 7 that an increase of this order in the relative strength of (he double-bounce term will
tend to increase the 111 [-VV phase difference and the 111 1/VV backscatter ratio. The 11V/111 | backscatter
ratio will tend to decrease, and the }111-VV correlation coefficient will change onl'y dight] y. This broadly
describes the behavior of the flooded forest results at P-Band compared to the upland forest results in
‘1'ablel.

The coffee plantation at the Gallon Jug site was selectively thinned, i.e. the owner of the Gallon
Jug site removed many of the trees from that area of forestin order to grow a coffee crop beneath the
shade of the remaining canopy. This means that the number density (N) of trunks in the coffec plantation,
and the. attenuation through the canopy and the trunk layers (i. e.. the 4, and +y,) were reduced in comparison
to the nearby upland forest. 1.ooking at equations (7) and (16) wc scc that the effects of this selective




(binning will beto lower the |11 -VV phase difference introduced by propagation through the trunk layer,
and to increasc the strength of the double-bounce scattering term. Again, to {irst order, this change in the
condition Of the forest produces anincrease in the rclative strength of the double-bounce scattering term
compared to the volume or canopy scatter term, assuming that the canopy isnot thinned so much that the
canopy scatter is significantly reduced. Comparing the coffee plantation results with the upland forest
results in ‘1'able 1, wc scc that there is a significantincrease in the strength of the double-bounce term, but
not the volume scatter term, so that the relative contribution of the double-bounce to the volume scatter
increases from ~0.23 to -0.85. From Figure 7, wc scc that this trc.net should mean a significant increase in
the HH-VYV phase difference, in the HH-VV correlation cocfficient and in the HH/VV backscatter ratio.
‘1’ here should also be a corresponding decrease in the 11V/J111 backscatter ratio. This is confirmed by the
resultsin “1'able 1 for P-Band; similar behavior can be seen for thel.-Band resultsin ‘1'able 2.

‘1'able 4. Upland Forest parameters used in predicting the double-bounce scatter characteristics for the P-
Band Gallon Jug data

Wavelength, A 0.68 m
Incidence angle, O o 40 degrees
Trunk radius, a — 0.1m

Total canopy height 25m

Height of trunk layer, h 15m

| Number density, N 0.1 (m2)
Trunk diclectric constant, € 40- 20i
| Ground diclectric constant, € I 4 - 0.5i *j
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V. SUMMARY AND 1) ISC1JSS1ON

A new technique for fitting simple backscatter mechanismsto polarimetric SAR data has been
presented. This model-fitting approach has the advantage thatit is based on the physics of radar scattering,
not apurely mathematical construct. The model dots not attempt to predict the absolute level of any
backscatter measurement. It dots match very well with the general polarimetric behavior of the scattering
seen in amulti-frequency, polarimetric data set obtained over a tropical rain forestsite, containing a variety
of land cover types.

The model-fitting approach worked well when fitted to the radar scattering from tropical rain forest
over awide range of incidence angles. The results showed a possible increase in the direct or surface
scattering contribution at lower incidence angles at 1.- and P-Band. The volume or canopy scatter term was
relatively constant as a function of incidence angle. The double-bounce contribution a P-Band showed a
slight decreasce for incidence angles either side of 40 degrecs.

The model can be used to determinc to first order what arc the dominant scattering mechanisms
which give rise to observed backscatter in polarimetric SAR data. Wc also showed how it can be used to
predict, in a qual itative sense, the effects of certain changes, such as inundation and forest thinning, on the
radar backscatter. McasLu’ able changes due to these effects were seen at both 1.- and P-Band in the fully
polarimetric radar signature, the changes being more pronounced at P-Band.

The three-component scattering mechanism mode] may prove useful in providing features for
distinguishing between different surface cover type.s and also may be useful in helping to determine the
cuttent state of that surface cover (cog,., flooded or non-flooded andfrozen or thawed trees). In future
work, we intend to usc the scattering mechanism images as classification features to allow differentiation
between different land cover types. Wc also intend to extend the scope of the model to include canopy
scatlerers with shapes other than dipoles, preferred orientation directions of scatterers, and tilted surfaces.
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